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The interaction between the endohedral unit in the single-molecule magnet Dy2ScN@C80 and a rhodium
(111) substrate leads to alignment of the Dy 4f orbitals. The resulting orientation of the Dy2ScN plane
parallel to the surface is inferred from comparison of the angular anisotropy of x-ray absorption spectra and
multiplet calculations in the corresponding ligand field. The x-ray magnetic circular dichroism is also angle
dependent and signals strong magnetocrystalline anisotropy. This directly relates geometric and magnetic
structure. Element specific magnetization curves from different coverages exhibit hysteresis at a sample
temperature of ∼4 K. From the measured hysteresis curves, we estimate the zero field remanence lifetime
during x-ray exposure of a submonolayer to be about 30 seconds.
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A fullerene carbon cage [1] can be used to encapsulate
paramagnetic systems consisting of single atoms, as well as
small clusters of different composition [2]. A fascinating
example is the dysprosium-scandium based endofullerene-
series DynSc3−nN@C80ðn ¼ 1; 2; 3Þ where the different
stoichiometries result in distinct ground-state properties
like tunneling of magnetization (n ¼ 1), remanence
(n ¼ 2), or frustration (n ¼ 3) [3–6]. The strong ligand
field, mainly due to the central N3− ion, imposes orientation
of the 4f shell and, therefore, noncollinear magnetism. In
the case of the di-dysprosium compound (n ¼ 2), exchange
and dipolar coupling between the two magnetic moments
stabilizes hysteresis and a large remanence with a relax-
ation time of one hour at 2 K was found [4]. These
endofullerenes are, thus, single-molecule magnets (SMMs)
[7–11], a class of magnetic compounds with potential for
application in spintronics, quantum computing, and high
density storage [12,13].
Single-molecule magnets have been studied extensively
in the bulk phase for the last two decades, but little is
known regarding possible modifications to their intrinsic
magnetic properties as the molecules are deposited onto
substrates or integrated into different device architectures.
This gap in knowledge can largely be attributed to the
fragility of most compounds that have restricted research to
a few families of molecules. A first proof of principle that
molecular nanomagnets can retain their magnetic bistability
on a surface was demonstrated for a monolayer (ML) of
an Fe4 SMM on a gold surface [14]. At sub-Kelvin
temperatures, the Fe4 SMMs exhibited hysteresis, out-of-
plane anisotropy, and quantum tunneling of magnetization
(QTM) [14,15]. The success of these pioneering experi-
ments is predominantly due to the chemical modification of
the Fe4 complex enabling chemically and structurally stable
MLs which were prepared ex situ from a solvent under
ambient conditions.
Depositing SMMs onto a reactive metal surface, such as
ferromagnetic substrates [16,17], requires in situ prepara-
tion under ultrahigh vacuum (UHV). In this context, the
double-decker complex TbPc2 [18] is the most studied
compound. It has been demonstrated that the magnetic
anisotropy is preserved at sub-ML coverage on Cu(100)
[19] and that the magnetic moment couples antiferromag-
netically to thin nickel films on Cu(100) and Ag(100) [16].
Magnetic hysteresis comparable to the bulk phase has been
observed in thick molecular films [20]. Only recently,
hysteresis with weak remanence was detected in the
monolayer regime with graphite [21] and Si [22] as a
substrate, though the influence of the substrate on the
magnetic properties is still poorly understood.
Endofullerenes that are synthesized with the Krätschmer-
Huffmann method are thermally very stable and can be
sublimated onto surfaces under UHV. For magnetic endo-
hedral units, the carbon cage acts as a “spin shuttle” that
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protects the spins from chemical interactions. The robustness
of the cages also facilitates imaging and manipulation by
scanning probes [23–25]. If the cages have a high symmetry,
different orientations of the endohedral units are possible.
This decreases the average magnetic moment of a system
with more than one molecule, and strategies that circumvent
this issue are needed for spin alignment. On metallic
surfaces, it was shown that endohedral units may order
[26]. For the case of Gd3N@C80 on Cu(100), a spin system
without 4f charge anisotropy, direction dependent magnetic
susceptibility was observed, though it could not be directly
related to the geometry of the endohedral cluster [27].
Here, we present an x-ray absorption spectroscopy
(XAS) study of Dy2ScN@C80 on Rh(111). In the first
layer, the endohedral units and their magnetic moments
align with the metal substrate, which is inferred from the
angle dependence in XAS and x-ray magnetic circular
dichroism (XMCD). Hysteresis curves demonstrate that the
proximity of the metal surface has a pronounced influence
on the magnetic bistability. Compared to thicker films,
which are representative for the bulk phase, the smaller
opening of the hysteresis for the sub-ML indicates faster
magnetic relaxation times.
The molecules [see Fig. 1(a)] have been sublimated
in situ onto the clean Rh(111) substrate, following the
recipe in Ref. [26]. The sample was cooled in zero magnetic
field and the layer thickness is estimated from the x-ray
absorption of Dy [28]. The XAS measurements were
performed at the X-Treme beam line [32] of the Swiss
Light Source. Absorption spectra were acquired by record-
ing the total electron yield in the on-the-fly mode [33], at
sample temperatures of ∼4 K and with an external mag-
netic field applied along the x-ray beam.
Figure 2(a) shows x-ray absorption for a sub-ML
coverage of Dy2ScN@C80 on Rh(111) as a function
of the angle θ between surface normal and x-ray beam
[see Fig. 1(b)]. The data were recorded over the Dy M5
edge (3d5=2 → 4f) using right (Iþ) and left (I−) circular
polarized x rays. After background subtraction, the XAS
(Iþ þ I−) were normalized to the integratedM5 absorption
signal in order to compensate for the angular dependence
of the total electron yield. A significant change in shape of
the XAS multiplet spectra is observed as the sample is
rotated from normal θ ¼ 0° to a larger angle of incidence
θ ¼ 70°. This anisotropy in the XAS is attributed to an
anisotropic distribution of the 4f electron charges due to
their interaction [34] with the ligand field of the central
nitrogen ion, the neighbor rare earth ions, and the C80
cage. This effect would not be present for an isotropic
distribution of the endohedral Dy2ScN units and, there-
fore, indicates a preferred orientation of the Dy 4f orbitals
with respect to the surface.
The orientation of the Dy 4f orbitals may be inferred
from comparison of the experiments with multiplet calcu-
lations. The crystal- or ligand-field multiplet theory for the
circularly polarized x-ray absorption is a continuation in a
long history of conceptually fairly similar [35], close to first
principles, calculations with semiempirical parameters to
fine tune the fit to experiment. This circumvents unfeasible
calculations comprising the coupling to a huge number of
electron states of lesser importance for the appearance of
the spectrum. The endohedral Dy ions are trivalent (Dy3þ),
which leads to a 4f9 ground-state configuration. The final
state in the present absorption spectra is, consequently,
3d94f10. The ligand field determines the easy axis with a
twofold degenerate ground state Jz. The magnetic field
lifts this degeneracy, and induces dichroism [36]. For low
magnetic fields, we find a very small influence on the XAS.
θ
[111]
Magnetic field
Lphoton
N3-
Sc3+
C 6-80 Dy3+
(b)(a)
FIG. 1 (color online). (a) Ball-and-stickmodel ofDy2ScN@C80.
(b) Measurement geometry with the angular momentum of
the x rays Lph, parallel or antiparallel to the magnetic field and
at an angle of θ with respect to the normal of the Rh(111)
surface.
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FIG. 2 (color online). (a) XAS measured at the Dy M5
edge from a sub-ML of Dy2ScN@C80=Rhð111Þ T ¼ 4 K,
μ0H ¼ 6.5 T, measurement geometry in Fig. 1(b). Each data
set is normalized to the integrated intensity. (b) Calculated
absorption with the x-ray beam and external field oriented
parallel Iz, and perpendicular Ix, to the magnetic easy axis
(Dy-N bond).
PRL 114, 087201 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
27 FEBRUARY 2015
087201-2
The ligand field, here from a point charge model of the
½Dy3þ2 Sc3þN3−6þ ion, describes the site symmetry [28].
Figure 2(b) displays calculated XAS spectra from the
DyM5 edge with the x-ray beam and an external magnetic
field of 6.5 T applied parallel (Iz) and perpendicular (Ix) to
the Dy-N bond. The resemblance of the calculated Ix
spectrum and data measured at normal incidence (θ ¼ 0°),
thus, indicates that the endohedral units adopt an orienta-
tion parallel to the surface.
The magnetism of the system is governed by the spin
and orbital moment of the Dy 4f electrons that have a
total magnetic moment of 10μB per Dy3þ ion [3,4]. Any
anisotropy in the spin and orbital moments will give rise to
a polarization dependent absorption at the Dy M5 edge and
an XMCD spectrum ðIþ − I−ÞM5 . The magnitude of the
XMCD signal is given by the projection of the correspond-
ing magnetic moment ~μi of the absorbing dysprosium ion i
onto the direction of the impinging x rays ~k [37]
IXMCD ∝ ~μi · ~k: ð1Þ
For an isotropic system, where the magnetic moments are
either randomly distributed or aligned to the external
magnetic field, the resulting XMCD signal in the present
measurement geometry is independent of the incidence
angle. Any macroscopic magnetic anisotropy is reflected
in different XMCD spectra as a function of incidence
angle. Polarization dependent XAS and corresponding
XMCD spectra are shown in Figs. 3(a) and 3(b) for
incidence angles θ of 0° and 60°, respectively. Comparison
of the two spectra reveals a significant angle dependence
which indicates a macroscopic magnetic anisotropy in the
sub-ML. Electrostatic interaction with the surrounding
ligands, in particular the central N3− ion, results in a strong
axial anisotropy which restricts the individual Dy moments
~μi to orient parallel, or antiparallel, to the corresponding
magnetic easy axis directed along the Dyi-N bonds [3–6,38].
The observed magnetic ordering is, thus, directly related to
the axial anisotropy of the individual Dy ions and the
preferred adsorption geometry of the endohedral cluster,
which must be imposed by the surface.
The magnetic anisotropy is quantified in Fig. 3(c), where
the XMCD angular dependence is shown. This confirms
that the dysprosium moments are predominantly oriented
parallel to the surface. A small out-of-plane fraction is
inferred from the nonvanishing dichroism at θ ¼ 0°. The
observed behavior can be modeled by assuming a Gaussian
distribution of the magnetic moments centered in the
surface plane (θ ¼ 90∘). The fit yields a distribution of
90° 16°. This implies that the Dy-N bonds are not
completely parallel to the surface, which is in line with
a resonant x-ray photoelectron diffraction study performed
on a ML of Dy3N@C80 on Cu(111), where the room
temperature data indicated a coexistence of planar
endohedral units inclined to the surface, and slightly
pyramidal configurations parallel to the surface [26].
The square symbols in Fig. 3(c) correspond to the same
measurements performed on a multilayer containing 7 times
more molecules [28]. The weak angular anisotropy observed
is attributed to the residual influence of the surface.
The relaxation time of the magnetic moments in a given
environment is a key property of single-molecule magnets.
Relaxation times that are slow compared to the time scale
of the measurement will result in magnetic hysteresis.
Figure 4 shows element specific magnetization curves from
the Dy M5 edge at a field sweep rate of 2 T=min with the
x rays and the magnetic field at an angle of 60° with respect
to the surface normal. A significant hysteresis is observed
for both systems [28] demonstrating that the corresponding
relaxation times are slow compared to the measurement
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FIG. 3 (color online). Sub-ML of Dy2ScN@C80=Rhð111Þ,
T ¼ 4 K, μ0H ¼ 6.5 T, measurement geometry of Fig. 1(b).
The polarization dependent XAS spectra (left panel), and the
corresponding XMCD spectra (right panel), were measured at an
incidence angle of θ ¼ 0° (a) and θ ¼ 60° (b). (c) Angle
dependence of the integrated XMCD signal normalized to the
integrated XAS over the Dy M5 edge. The dashed line corre-
sponds to the expected angle dependence for magnetic moments
oriented parallel to the surface, whereas the blue line takes into
account a Gaussian distribution, centered in the surface plane and
with a standard deviation of 16°.
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time. However, comparing the magnetization curves from
the two systems indicates that the magnetic bistability of
Dy2ScN@C80 is modified by the proximity of the rhodium
metal surface.
Single-ion 4f magnets, such as, e.g., TbPc2, exhibit poor
remanence due to the rapid decay of the magnetization at
low fields through QTM. In contrast, for bulk samples of
Dy2ScN@C80, an exchange and dipole barrier of 0.96
0.1 meV suppresses QTM that in turn leads to a significant
remanence and coercive field [4]. This is clearly observed
in the multilayer system, where the drop in magnetization at
zero field is attributed to the delay of 30 s when changing
the polarity of the magnet. From the 25% decrease in
magnetization during these 30 s, we derive a remanence
relaxation time of 110 s in the multilayer system. Compared
to bulk samples in the dark [4], this is about 4 times faster,
and mainly related to x-ray induced demagnetization [39].
The remanence time of the submonolayer system is still
shorter because the magnetization vanishes during the
switching of the magnet. From the comparison of the two
magnetization curves we can estimate the remanence time
for the sub-ML. Here, we assume that the ratio of the
hysteresis openings (Fig. S3 [28]), recorded for a fixed
temperature and field sweep rate, is a measure of the
relaxation times in the two systems. Under this assumption,
we obtain a 4 times faster relaxation rate in the sub-ML and a
remanence time under x-ray irradiation at 4 K of about 30 s.
The shorter remanence time of the sub-ML may be
related to residual interaction of the Rh Fermi sea across the
C80 shell. Furthermore, since the Dy magnetic dipoles lie in
a plane, their interaction is stronger, which may also
accelerate demagnetization. Also, at sub-ML coverage,
the total electron yield below the M5 edge is about 10%
higher than in the multilayer case and the reduced bist-
ability could, therefore, be demagnetization due to secon-
dary electrons from the substrate [39]. However, the
opening of the hysteresis demonstrates that the rate at
which the magnetization relaxes to its equilibrium value is
still slow compared to the measurement time.
In summary, angle dependent XAS from a sub-ML of
Dy2ScN@C80 on Rh(111) reveals a one-to-one correspon-
dence between structural and magnetic ordering: The
combined effect of the local magnetic easy axis for the
encapsulated Dy ions, and the preferred absorption geom-
etry of the endohedral cluster, indicates surface aligned 4f
moments and a macroscopic anisotropy. At a sample
temperature of ∼4 K we observe a hysteresis in the sub-
ML. Although orientational ordering of endohedral mol-
ecules at surfaces, as well as magnetic hysteresis of bulk
samples of such molecules have been shown, we demon-
strate here the structural, and magnetic ordering of surface
adsorbed endohedral molecules creating a stable macrospin
for molecular submonolayers. This is observed at a 1 order
of magnitude higher sample temperature than previously
reported for the 3d-based Fe4 SMMs [14,15] and, thus,
paves the way for many more experiments, like scanning
tunneling spectroscopy on single molecules.
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Multiplet calculations
The ligand electrostatic field model is fully defined by the parameters in Table S1 (The
small contributions from the C6−80 were neglected). It has a decisive influence on the
orientation of the magnetic moment. Its strength has very little impact on the shape and
intensity of the spectrum in this case. The point charges are an approximation to the
actual electrostatics. Moreover, this field also models the symmetry breaking due to the
hybridization of the orbitals, which is only remotely related to the electrostatics. Because
of this insensitivity, the ligand (crystal) field is left with unity scaling. For a good semi-
empirical fit we scale electron-electron interactions by 0.76, spin-orbit coupling by 0.96,
use a core hole broadening of 0.53 eV and apply a corrective shift of -0.6 eV to the XAS
spectrum. The B field is taken in the weak limit.
Table S1: Coordinates (x, y, z) and charges (q) of the ligand field used for the calculation
of the Dy 3d94f 10 multiplets. The Dy ion sits at the origin (x=0, y=0, z=0).
x y z q element
0.00 0.0 2.03 -3 N
0.00 1.74 3.09 +3 RE
0.00 -1.74 3.09 +3 RE
X-ray absorption (XAS)
Figure S1 shows the normalized total electron yield (TEY) at the Dy M4,5-edge from
the sub-ML and the multilayer (T∼4 K, µ0H = 6.5 T). The integrated intensity of the
multilayer is about seven times larger than that of the sub-ML.
Quantification of the coverage
The Dy2ScN@C80 coverage was quantified from comparison of Dy M5 and N K XAS of
a single layer of boron nitride on Rh(111), where the nitrogen atom density is precisely
known [1]. To this end we used the XAS normalized with the gold mesh current, the Au
XAS cross sections at the given photon energies and the experimental resonant absorption
cross sections of Dy M5 [2] and N K [3]. The N K cross section was reduced according to
a partial filling of the N 2p shell in h-BN of 3.5 instead of 3 p-electrons for the nitrogen
atom. With this we get a coverage of about 3 ML for the multilayer and about 0.5
monolayer for the submonolayer.
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Figure S1: XAS (I+ + I−) recorded at normal incidence (θ = 0◦) at ∼ 4 K and 6.5 T over
the Dy M4,5 edge from the sub-ML and the multilayer preparation. The total electron
yield is normalized with the gold mesh current.
XMCD of the thick layers
Figure S2 displays polarization dependent XAS and corresponding XMCD at normal (a)
and gracing (b) incidence angle for the multilayer (T∼4 K, µ0H = 6.5 T).
Hystereses loops
The significance of the hysteresis loops is shown in Figure S3 with the difference in mag-
netisation between the two branches of the hysteresis curves in Figure 4 of the main
manuscript. Clearly, both systems display hysteresis.
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Figure S2: X-ray absorption from a multilayer of Dy2ScN@C80 on Rh(111), T ∼ 4 K,
µ0H = 6.5 T, measurement geometry of Fig. 1 (b). The polarization dependent XAS
spectra (left panel), and the corresponding XMCD spectra (right panel), were measured
at an incidence angle of θ = 0◦ (a) and θ = 70◦ (b). Each data set is normalized to the
integrated absorption at the Dy M5 edge.
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Figure S3: The difference in XMCD at each external magnetic field value for the two field
sweep directions in the magnetization curves in Fig. 4 of the main manuscript. The data
are normalized to the saturation magnetization at ±6.5 T. The integrated area for the
sub-ML and the multilayer is 0.2 T·msat and 0.74 T·msat, respectively. The FWHM is
0.99± 0.08 T for the sub-ML and 1.41± 0.03 T for the multilayer.
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